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This device naturally introduces some lag at the controlled tempera-
ture, but nevertheless ensures positive make and break,

Whilst not actually of the contact type, a Cambridge instrument
must be included in this chapter because it employs the movement
of the pointer of a galvanometer to perform a somewhat similar
operation. The manufacture of this instrument is now discontinued,
but a description is, nevertheless, included because of its infrinsic
interest as a method which has been found serviceable, and there
are instruments of this type still in use.

The galvanometer movement is illustrated in the diagram, ig. 59,
The pointer N, attached to the pivoted moving coil (7, carries at its

fo Current
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FPE sl A,

fo furnace
Thermo- Couple

Fra. 69.—Cambridge Pointer-thermocouple regulator.

extremity a differential thermocouple 7',, 7',, which is connected
electrically to a moving-coil relay. A small electrically-heated coil
or ““ heater,” H, is mounted on the movable arm B, which is set, by
means of a handle, to the point on the scale at which il is desired to
control the temperature, an index / being provided to indicate the
setting. When the required temperature is nearly reached, the
thermocouple 7', arrives opposite the heater, and an electromotive
foree is set up which tends for the moment to throw the relay arm
away from the contact which it will eventually close. As the tem-
perature in the furnace (or other heated body heing Controfledjﬁahllg Geoo)
increases, the pointer N continues to move along the scale untilllfh&— /][]
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second thermocouple 7, is opposite the heater. The electromotive
foree then generated actuates the relay, closing an eleetrical circuit
which operates a mechanism controlling the supply of heat. Owing
to the mass of the furnace, the temperature will probably continue
to rise, even though the heat supply is reduced, and the pointer will
continue fo move up the scale until it meets a stop (not shown in
the diagram), where it remaing until the temperature falls. As tho
furnace cools, the pointer ¥ moves down the scale, and when the
thermocouple 7', comes in front of the heater the electromotive foree
again generated causes the relay to break contact {in case, by any
mischance, the contact is sticking), and the supply of heat is thus
increased. The pointer IV is fitted with an index, so that its position
can be seen on the scale; but it will be appreciated that if the
temperature exceeds the required value the pointer will not indicate
it, owing to the stop. A mirror is usually fitted behind the scale
to avoid parallax errors. The heater can he set, and the regulator
arranged to control the temperature, at any point between the upper
and lower limits of the scale ; or the regulator can be fitted with a
time-temperature device, as described later. To prevent the regulator
failing to function owing to an interruption in the supply of current
to the heater, a safety device is provided, whereby the supply of heat
to the process being controlled is shut off automatically if the heater
circuit should be broken. Alternatively, this deviee can be adapted
to sound an alarm bell or to operate a light or other signal.

The energy consumed by the heater circuit is approximately two
wabts, and the instrument can be operated from a D.C. or A (. supply
by connecting a suitable resistance or a transformer in the circuit.
If an electrical supply mains is not available, the instrument can be
operated from a 4-volt accumulator. The regulator can be used in
conjunction with a resistance thermometer, thermocouple or radiation
pyrometer ; the type of element selected depending upon the applica-
tion for which the ountfit is required. When used in conjunction with
an electrical-resistance thermometer, the scale of the regulator is
calibrated to cover only a few degrees above and below the critical
temperature, thus sccuring a very open scale.

“ Chopper-Bar ” Type.—In this system an auxiliary mechanism
closes the contacts. T'wo pairs of contacts may be mounted on one
table which can be set at any point along the scale, or each pair may
be mounted separately and adjusted independently (sce Fig. 60).
At definite intorvals a * chopper bar,” actuated by clockwork, electric
motor, or an eleetro-magnot, depresses the temperat, ure-indicating
pointer and, depending on the position of the pointer, closes either
the “high ™ or “low” contacts. In addition to temperature
indication on the scale and, if desired, also on a chart, a visual
indicator in the form of red, green and white lights can he arranged
to show when the upper, lower, or predetermined temperature lias
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110 THERMOSTATS

been reached. The * chopper-bar ** type possesses the advantage of
permitting free movement of the pointer, except at the short intervale

D -Chopper Bar:

E~ Mirimam. Contoct.
F -Mawtmam Condact.

{2ec0.0) G = Third Contoct.

“ENXGINEERING™

Fig. 60.—Schematic diagram of chopper-bar temperature-regulator,
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Fia, 61.—Operating diagram of “ Flexipush * controller, (G0 )
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CONTACT TYPES OF REGULATOR 11E
of contact. The instrument can be designed so that the temperatures
at two points may be controlled by a switching mechanism which
connects two thermocouples alternately to the control instrument.
The instrument is fitted in this case with two contact devices.
Another possibility is that two furnaces can be maintained at the
same temperature by a similar switching arrangement with the

assistance of two relays, one for each furnace,
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y [ Electro Meters, Lid,
Fra, 62.—Electro Meters regulator.

Instead of using contact tables, a mechanieal movement may be
used at this point of the instrument, as in the ** Flexipush ™ arrange-
ment of the Foster Instrument Co. illustrated in Fig, 61. The
downward movement of the chopper- or presser-bar depresses one
or other of two tables, depending on the temperature. These tables
are linked, by Bowden flexible cables, to the respective ends of the
pivoted support of a mercury switch.
The instrument made by Eleetro Meters, Lid., employs a some-
what different arrangement (illustrated in Fig. 62) of the anxifigy O B0
1
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112 THEEMOSTATS

mechanism to translate the movements of the pointer into a means
of control.  The index (1) is sel to the temperature at which it is
desired to maintain the furnace. The pyrometer consists of a milli-
voltmeter with a magnet system (2) and indicating pointer (3). A
shaft driven through worm gearing from the motor on the back of
the indieator rotates o eam (4) which, through the bell-crank lever (3),
causes a control arm (6) to be raised and depressed periodieally.
"This cam also acts as a switch-lifting erank, imparting a reciprocating
motion to the connecting-rod (7) and pin (8). This pin traverses one
of two paths in the slot (9), determined by the extreme angular
position of the selector arm (10), and throws the switch “ On" or
-t UH'II

Suppose the furnace cold and ready to be started-up. The
indicating pointer (3) will be below the index (1). The control arm (6),
on its downward stroke, will be free to fall behind the scale plate (11),
lifting the bell-crank lever (5) and, through the roller (12), raising the
selector arm (10). The pin (8) thus traverses the lower path in the
slot (9), catches the trigger (13), and lifts the mercury switch (14)
to the " On " position. The swilch itself is held in position by a
pawl (15), elosing the circuit. This switeh can be arranged in series
with a cirenit-breaker, motor-controlled valves, dampers, or similar
gear, and maintaing a supply of heat to the furnace until the indicating
pointer (3) rises just beyond the control index (1). The downward
motion of the control arm (6) is now intercepted by the indicating
pointer (3), with the result that the selector arm (10) iz allowed to
fall back, cansing the pin (8) to follow the upper path in the slot (9).
The pin catches the pawl (15) and, releasing the trigger (13), throws
the switeh * Off.” The circuit is broken and the supply of heat to
the furnace is interrupted until the pointer again falls below the
control index, when the eyele of operations is repeated.

Regulators of the contact type with galvanometer indicators can
be arranged fo control rates of heating or cooling.  This can be done
by suitable movement of the contacts by mechanical means.

An alternative method is to leave the control contacts stationary
and introduce an additional electromotive force into the thermo-
couple cireuit.

The advantage of the latter method is that it may be added to
any existing automatic-control installation; but its disadvantage is
that the readings of the control pyrometer are falsified. An index
could, however, be arranged to indicate the amount of additional
e.m.f.
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CHAPTER XII1
POTENTIOMETRIC REGULATORS.

Pormxriomerer regulators are closely allied to the indicator or
recorder contact types of regulators, Instead of a simple galvano-
meter to measure the e.m.f. developed by the thermocouple, the e.m.f.
18 balanced by means of a potentiometer circuit, a galvanometer
indieating any momentary out-of-balance voltage.
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Fro. 63.—Blectrical connections of Stockedale thermostat,

A number of forms of potentiometric regulators are available,
These instruments are robust and accurate and are used both in the
laboratory and industrially. They may be used in conjunction with
a thermocouple, resistance thermometer, or certain ratliation pyro-
meters.  Normally they are arranged to work upon the potentiometric
prineiple, but when used with clectrical-resistance thermometers they
are connected in some form of Wheatstone bridge.

Before dealing with the industrial forms of instrument, a laboratory
type will first be referred to.

Stockdale’s design of instrument is shown diagrammadtically in
Fig. 63. The thermocouple is balanced by a potentiometer cirenit,
D being the cell. A4 the slide wive, B a fixed resistance, and (f the
galvanometer to indicate balance or ont-of-halance conditions. The
interesting feature of the instrument is the control of temperature
by the galvanometer contact. The coil of the ealvanometer / COTEIES _ %2
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114 THERMOSTATS

a double boom M, the two parts of which are insulated from each
other. The ends of the boom are of platinum and are so bent as to
lie closely on either side of a platinum-rimmed wheel W. 1f the boom
moves, one or other of the prongs will touch the wheel, closing a
4-volt circuil and actuating a double relay R. Two resistances in
parallel ave arranged in series with the furnace, and the relay is in
series with one of these resistances ; when this resistance is taken
out of the circuit by the relay the current to the furnace is decreased.
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¥ic. 64.—Leeds and Northrup potentiometer recorder controller (original design),
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The wheel W is made to have a cant of 12 degrees and is driven by
clockwork at a speed of one revolution per minute to make the action
more lively. The prongs are placed so close that the slightest move-
ment makes contact. Iach prong normally touches the contact
wheel for 30 seconds, and therefore the high and low currents are
on for the same time when the temperature i correct.
The relay is sometimes troublesome because perfect contact between
the wheel and prongs is difficult to obtain, and consequently the
current actuating the magnets is intermittent. Adjustment, ha'} {uO
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POTENTIOMETRIC REGULATORS 115

be made so that the slightest impulse sends the arm ecither one way
or the other. If the arm moves too freely, however, it will rebound
off the wheel. This difficulty may be largely overcome by increasing
the moment of inertia of the arm, but a better method, involving a
little more complication, would be to use a triode-valve relay, and so
decrease the contact and current necessary to actuate the cireuit,
Industrial Potentiometric Controllers—We turn now to the
industrial type of potentiometer regulators, An important feature
of these is the method of mechanically balancing the circuit. As an
example of the principles of the method employed, the original design
of the Leeds and Northrnp instrument (Fig, 64) will be described.

Fia. 65.—Principle of Leeds and Northrup recording potentiometer (original design).

Subsequent modifications in detail have been made, which will bo
referred to later.

The action is as follows : The dise 4 (Fig. 65) is mounted on a
shatt and operates the slide-wire contact by a cord wound on a
circumference visible in the figure. The power is supplied by a small,
continuously-running motor and enters the mechanical system through
the shaft B carrying the large cams ! and the small cams D and E
(E being behind ¢ in the diagram). At each revolution of the shatt B,
the cams € straighten out the arm F, which perchance has been
tilted a moment before, and in doing this will rotate the disc A,
arm F being pressed at this time against the dise 4 by the spring €. O &
The arm F engages in serrations on 4 which prevent slipping. Fhe. il
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arm F is pivoted on the spring ¢, which is fast to the frame of the
instrument. When the cams ¢ have rotated until their longest radii
are passing the extension of the arm ¥, the cam # beging to raige @,
lifting # away from the dise, When F is free, the cam 1) raises through
K the rocker arm H, which, in ease the galvanometer is unbalanced,
cateches the pointer under one of the pivoted right-angle levers J.
One lever is thus made to swing the arm F by pressing against. one of
the concentrically situated lugs L. The rocker arm H is then
immediately lowered to allow the galvanometer to swing freely.
Cam Jf is so shaped and fixed on the shafl B that it will recede from
the spring ¢, allowing ¢/ to press & against the dise just before the
cams (7 begin once more to straighten . ¢

The dige 4 moves the conlact on the slide-wire. The shaft B
rotates once in about 2 seconds, which is slow enongh to allow the
galvanometer time to come to rvest, or nearly so. The design is such
that the amomnt of rotation of the arm # increases with the extent
of the galvanometer deflection, since the pointer approaches fhe
fulerum of the levers J as the deflection increases. The motion of H
is adjusted so that the rotation of # will correspond to a rebualancing
step of the pen of § in. (19 mmn.), when the dellection is a maximum,
decreasing uniformly to about .. in. when the deflection is just
sufficient to cateh the boom under one of the right-angle levers. This
gives sufficient rapidity of the various actions to take the pen the
width of the seale in somewhat less than one minute. The position
of the pen, when a balance has been obtained just before each record,
corresponds to a definite point on the slide-wire, for the pen is
fixed to the slide-wire contact. Periodically the thermocouple is
discomnected and the standard cell connection antomatically made.
At the same time the polentiometer slide-wire is set free from its
shalt and the clutch engages a second resistance. Movements of the
dise then resull in changing the resistance of the baltery circuit,
and the current is thus set to its proper value. The pen does not
follow this adjustment and no record iz made of variations in the
current. A short-cireuiting contact on the slide-wire ecarries the
pen to zero on the chart when the battery is ran down, thus providing
ample warning in most circumstances.

In most of the recent designs of potentiometer recorders the
“ follow-up " mechanism to move the slide-wire contact iz of the
scissors pattern. The galvanometer needle is clamped by a cam-
operated bar, and whilgt held in this position a scissor mechanism
closes on it. A clutch is engaged and, being linked with the scissors,
rotates the main spindle by an amount proportionate to the deviation
picked up by the scissors from the galvanometer needle (see Fig. 66).

Temperature-Control in Polentiometric Regulators.—1T'he control
mechanism used in conjunction with the potentiometer types whicl
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POTENTIOMETRIC REGULATORS 117

to the same shaft as the dise, and in such a way that when it rotates,
contacts are operated.  Cam and disc mechanisms are the two
alternatives, and the choice between these depends upon the nature
of the process to be controlled. Cam-operated control is now, however,
little used, as with the gradual slope of the cam it is not possible Lo
produce the necessary rapid make and break of the contacts, the
gradual movement resulting in a hesitant make-and-break action.

lierg tomperature at thermocouple [s Temperature 15 sl constant,  Cushion
eongtant, therelore eironlt bs balineasl clamp gripped pointer.  Feclers then
and pointer ab centré,  Polnter is now cloded on it and found it In balaneed

unclneped amd feclers apen, prwition,  Cluteh stationasy, femper-

abure meeor] constant.

Temperature  hus  changed.  amp
gripa polnier and feelers elise on it
in upbalapeed pesition.  Clonteh armn is
msved to psltion, grips dise, and eams
v e Aidewnyd sl pon Lo new poeitlon.,

Fia. 66.—TLeeds and Northeap “ Micromasx ™ aerangement : details of badancing device.
I 8 K

Dhisc-operated  Mechanism.—With  the disc-operated type of
mechanism (Fig. 67) the inner and onter radial surfaces of a flange
are used Lo hold the contact open or closed. “ Raise ™ and * Lower ”
contacts are operated by separate dises, and contact is made or
broken with a ** snap ™ action, according to the direction of rotation ég\..\'"
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of the main slide-wire spindle. Either two- or lhree-pcrmtmn control
is possible. The two-position control (Fig. 67) is of the “on and
off 7 type, and in this form the valve or contactor is either in the
fully open or shut position. An adjustable by-pass is usually provided
with this type of control on fuel-fired furnaces. Two-position control
is suitable for furnacez with constant loading conditions,

F1a, 67 —Koent regulotor : Coptacts and eams for two-position dise-operated
control.

In three-position control, additional contacts are provided on
the instrument and on the motorized valve. Normally the eontrol
operates between the intermediate switches. If, however, changes
in loading canse a large rise or fall in temperature, the corresponding
outer contact is made and the valve is moved to a greator extent
in the closing or opening direction. This tform of control is par twularhr
suited for furnaces requiring a rapid heat-up followed by a * smkmg
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POTENTIOMETRIC REGULATORS 119

Cambridge Non-recorder Controller. —In this (see Fig. 68), the circuit
ig controlled by a mercury-in-glass tilting switch, A similar arrange-
ment of control mechanism is used to that of the original Leeds and
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Fre 65, —Cambridae potentivmeter controller,

Northrup design, with certain modifications.  The galvanometer
pointer swings horizontally below two bell-crank levers and abowve
a clamping jaw or chopper bar, which is periodically raised, hﬁhpﬂo &
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clamping the pointer against one or other of the levers. Hinged to
the chm]ung jaw is a Jong tail-rod passing through a guide hole.
This tail-piece is deflected to one side or the other by the lower arm
of one of the bell-crank levers, if the galvanometer needle is not at
zero in the centre. When the clamping bar and tail-vod drop, the
bottom end of the tail-rod will tilt a mercury switeh in one direction
or the other, depending on the way in which the rod has been deflected
previously.

Normally the mereury switch is provided with fwo positions
only, i.e. with the contacts either made or broken. If desired,
howe wer, a two-way tube with a common centre contact may he
fitted, which will clnw one circuit when the temperature is too low,
and close another eirenlt when it is too high, both cirenits being open
when the temperature is correct.

Mercury-tilting switches are also used in the ( zlln]nlr[gt‘ recording
controller. The action can be described briefly as follows, The
seissors action, already deseribed, rotates a dizse which has eam-shaped
slots cut in it. Depending on the position of the dise, and therefore
of the slots, a mercury switch will be tilted one way or the other,
The piv oted holder of the switch has two small vertical projections,
one af each end, and one of these may be immediately bencath either
a plain or slotted portion of the disc as it descends after the balancing
action,

Rate of Deviation.——In some controllers, account is taken not. only
of the actual deviation from the required temper: ure, buti also the
rate of deviation. A relatively large adjustment is made when the
deviation and rate of deviation are of the same sign, a very much
reduced adjustment, no adjustment at all, or even an mljnfstment in
the opposite sense being made when the deviation and the rate of
deviation are of opposite signs, as they are when the temperature is
returning to the required value after a deviation.

The instrument designed with this purpose in view by Hodgson
and made by Messrs. George Kent is illustrated in Figs. 69-71. A
themwc.uuplu is connected to a moving-coil galvanometer in the
instrument. The deviation and rate of deviation from the desired
temperature are measured al intervals of 20 seconds by a mechanism
driven by a constant-speed motor. This mechanism is shown in
phn in Fig. 69. The galvanometer needle, not shown in the figure,
18 qtu‘necl between the top of a drum and a metal dise extending
slightly beyond them. and is firmly clamped between these parts
each time the mechanism operates.  The normal position of the
pointer coincides with the vertical centre-line in Fig. 69, but if any
change of temperature has occurred, it will move to one side or the
other whon wlmwecl Iho two l;e]l erank ]{“E"BI‘H thmn are rot: ttr‘rf

end o Hw nr*lhannmvtt-r |wnrlle w]m‘h i Iw fh(-n clum]ml. M}&LJ_A r:-ﬁ:)n
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POTENTIOMETRIC REQULATORLS 121

any deflection has taken place while the needle wag free, the drum
will be volated by the pressure exerted on the end of the galvanometer
needle.  Attached to the drum and rotating with it is a potentiomoter
shide wire, which moves against a fixed contact, the motion (produced
as already explained) continuing in steps until the balance has been
regtored, when the galvanometer needle will remain in the central
position, The total movement of the drum is, therefore, proportional
to the change in temperature. The drum is also fitted with a cam
of the form shown in Fig. 69, and a roller arm bearing on this cam
controls the opening and cloging of two contacts which, in twmn,
control the flow of current to two solenoids. The latter open or
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Fri. 80 —Cencral plan of Kent controller aned recovder,

close a throttle valve in the fuel-supply pipe to the plant, by mechanism
which will be referred to later. The pogition of the valve is thus
dependent on the temperature-deviation from the normal.

The same solenoids are also controlled by lwo other contacts,
the opening and closing of which is dependent on the rate at which
it temperature-deviation takes place. These contacts are carried on
the ends of the bell-crank levers which close on to the end of the
galvanometer needle, as already explained (Fig. 69). [t will be
evident that which of these contacts is closed will depend upon the
direction in which the galvanometer needle has been deflected.
t.e. upon whether the temperature is rising or falling ; and the length .
of time for which either of the contacts iz closed will depend o O 2580
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the extent of the deflection, i.e. upon whether the change in either
direction is taking place rapidly or slowly. It may here be mentioned
that although the electrical circuits are made by the contacts referred
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T1c, 71.—Plan of Kent controller and recorder, showing the two solenoids and
connections with control valve,

to, they are broken by mercury awitches, so that damage to the
contacts by sparking is avoided.
One of the two solenoids is shown on the left in Fig. 70 and both

can be geen in Fig. 71.  As will be clear from the former, the pﬁ@ Hﬁﬁ
I\l
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of each solenoid is conneeted to a pivoted frame in which is mounted
a spindle, fitted with a worm wheel near its upper end. When one
of the solenoids is energized. its frame is pulled over so that the
worm wheel engages with a worm on a horizontal shaft, which is
driven continuously at a high speed by a small electric motor. The
engagement fakes place positively and instantaneously without any
shock.  When one or other of the worm wheels is engaged, the control
valve is opened or cloged by a train of gears, crank arms and links,
as will be clear from Fige. 69 to 71. A differential gear is included,
0 that if hoth worm wheels are engaged simultancously, no movement
of the valve takes place; and provision is made for the controls to
be inoperative when the valve is opened to a predetermined extent
and when it is fully shut. Push-button control, which overrides the
automatic control, is also provided.

To minimise * hunting,” the Deoscillator of the Foxboro® Company
imparts into the thermocouple cireuit an additional electromotive
force (in either the positive or negative direction as may be required),
80 as to dellect the galvanometer of the control pyrometer slightly
beyond the position it would register in relation to the actual thermo-
couple temperature at the moment. The temperature indication is
therefore distorted at the moments when the anticipating action is
taking place. 'The anticipatory action is adjustable, that is, the
temperature helow or above the desired control temperature at which
the heat input is decreased or inereased, respectively, can he chosen.

Reference to Chapier XIII

Stackdule, J, Sei, fastr., 1924, B, 302,
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CHAPTER X1V
TEMPERATURE-CONTROL USING RADIANT ENERGY.

Tne total energy radiated from an incandescent solid varies as the
fourth power of the absolute temperature.  If only the radiation
which falls within the visible spectrum is considered, however, it is
found to vary approximately as the fifteenth power of the temperature
(for temperatures in the neighbourhood of 1500° (%), From the
point of view of sensitivity, therefore. radiation of energy is a very
satisfactory criterion of temperature, since a slight change in tem-
perature produces a relatively large change in energy radiated. [t
will be readily appreciated that this form of ene rgy should provide
a very useful and comparatively accurate means of control at
t:.enmm-ttures above 600 (.

Total-radiation pyrometers of the type which develop an electro-
motive foree on exposure to the radiations from a heated body can
he used with many of the types of regulators described in other
chapters. In fact, they may be used with most forms of regulator
with which a thermocouple pyrometer may be used, providing the
temperature exceeds 6007 . Attention will not, therefore, he devated
here to this Lype. but consideration will be given to another form
of radiation-sensitive element.

It is well known that if the light from an incandescent body is
allowed to fall on a photoelectric cell. a current will be developed
which is proportional to the intensity of the light falling upon the
cell,  As the temperature of the ]J{)d\’ n:,lm.n;_,eq its brightness also
changes, so that if the photoelectric cell current is amplified. it can
he used to operate suitable control devices. An image of a definite
arca of the furnace wall or hot body is focussed in the plane of a
diaphragm placed in front of the photoelectric cell, and only the
centre portion of the image is allowed to pass throngh on to the cell.
The housing containing the cell may be placed at a distance of {hree
feet or more from the furnace.

The current from the photoelectric cell can be used for control
purposzes through the medinm of delicate relay systems, but a more
satisfaetory method is to use o © hot-cathode ™ tube |E‘1.u (" thyratron
tube ).

In the apparatus used by Koller ' the current passes through
a high resistance, and the 1lmp in voltage ncross this resistance i
impressed between the grid and filament of the hot-cathode ﬁtuiO e
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TEMTERATURE-CONTROL USING RADITANT HENERGY 125

(see Fig. 72). As soon as this voltage drop exceeds any predetermined
value (that is, as soon as the temperature exceeds a predetermined
value), the hot-cathode tube operates and the supply of heal to the
furnace is cut off. The furnace then cools down, the photoelectric
cell current decreases, and the hot-cathode relay breaks the cireuit,
The cyele in then repeated.

The control mechanism may be wvaried to suit the individual
needs.

To keep the temperature below a certain maximum, only one
hot-cathode tube is required, but by using two tubes both an upper
and lower limit may be set.

PR IEYE
TURE -I

"
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Fig, 72, —RKoller photoelectric-cell furnace control eireuit,
Amplifier clrealt shown above, D.C. reslsbanee-coupled Ly pe, making nee of a 1*U-240 plistran, Teetifier

unil built lnbo the get supplizs D.C. Veltage on amplifler tulae 38 maintained constant ab 150 volta by &
palr of glow tubes which shasorh Quetwations in the supply line,

The advantages of photoelectric-cell control arve that the method
can be applied to high temperatures and in atmospheres which are
deleterious to thermocouples or resistance thermometers. Tt can be
used to control the temperature of a part of the furnace or of the
charge itself.

It will be realized that the possible errors characteristic of radiation
pyrometers due to non-black-body conditiong, absorption of radiation
by gases interposed between the instrument and hot object, ete.,
must be guarded against.

Reference to Chapter XIV,

Roller, Fud. and g, Chem., 28, No. 12, 1379-1481.

o
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CHAPTER XV
ELECTRICAL-INDUCTION REGULATORS.

InpuvceTioN regulators can be arranged to maintain either a constant
current or a constant energy supply to the furnace.

In principle the Induction Regulator is a transformer built on
the lines of an induction motor, and having the important characteristic
that, although normally stationary whilst working, the relative
positions of the secondary and primary windings can be altered by
moving the rotor. This gives to the induction regulator characteristios
very similar to thoze of a transformer having a variable ratio of tm‘ns,
and since the method of adjustment, namely, turning the rotor,
perfeetly smooth and continuous, the regulator has a 1egula-t.1011
equivalent to that of a trnwfm-mer having an infinite nmumber of
tappings over the working range. The supply is carried to the primary
winding, while the %cnnrhrv windings are connected in series with the
circuit of which the voltage is to be regulated. The primary winding
may be mounted on either the stator or the rotor, depending on the
nui‘put and wvoltage, the sec nndm‘v being mommted on the opposite
part. As the feeder voltage rises or falls beyond set limits, the voltage-
regulating relay closes contacts which energize one or other of a
pair of contactors. These in turn control the direction of rotation of
a motor and cause it fo drive the rotor spindle of the regulator through
spur and worm gear, which raises or lowers the feeder wrltamfe as may
be required. Directly normal voltage is restored, the action of the
voltage-regulating relay causes the motor to stop. In some circum-
stances, induction time-delay relays are used to energize the motor-
econtrol contactors after a suilable time-interval, in order to avoid
response of the induction regulator gear to variations in the voltage
that are merely momentar}

These regulators are suitable for industrial resistance furnaces
and for furnaces of the submerged arc type where the electrodes are
atationary.

Fived-Induction Furnaces.—An ingenious stationary or fixed form
of automatically regulated induction furnace has been deseribed by
Perrin and Sorrel. This furnace is suitable for use only where the
number of heat-treating temperatures required is limited, as it is
necessary to use a separate furnace for each temperature. This is
not inconvenient in cases where large quantitics of steel articles have
to be heat-treated at the same temperature. An advantage {)i this
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ELECTRICAL-INDUCTION REGULATORS 127

type of thermostat is that no pyrometer is needed. The principle
of the furnace is very simple. A muffle or tube 4 (Fig. 73), made of
a metal selected according to the temperature required, is surrounded
by a non-magnetic conducting material B. The latter is made the
secondary of a transformer fed by alternating current from the power
mains. The current generated in the secondary depends, inler alia,
on the specific induction of the furnace tube. This current heats up
the secondary, and therefore the tube, until the latter reaches the
temperature at which it loses its magnetism, when its specific induction
falls, and therefore the coupling between the primary and secondary
of the transformer also falls rapidly, and less heat is generated in the
secondary. So long as the total

heat generated in the secondary Bzzzmzr7 T
—when the tube is non-magnetic N [ ]
—is insufficient to keep the L _ § SURY
furnace temperature above the Y \ {| R
magnetic change-point, the tube g '§ g c) <
will not rise above this temper- Sy g g & i?E
ature. JL" NI, <719
It is necessary to make the 214Gt I ] _ﬁ_‘: 1,
furnace tube of a material A N 3| EXOTSH
which has a quickly reversible P’y " e Lt
change of magnetic property i 1’ A S ) ;<{ :
at the working temperature. ] |5 B’A'.-"_:"*,__,_J :
Materials that have been used g5 \ERTE:
are the alloys of cobalt, such i € s
as ferro-cobalt which, when Lt 2N | e Vet
suitably selected, can be used o 8
for teu}:}bcramweﬂ, of from 7507 wwzlmgmf; LA TIITELIE.

to 1100° C. Below 750° C., Fia. T3.—~Ilnduction furnnee with automatic
ferro-nickel and ferro-nickel- temperaturc-control.

cobalf may be used. The

secondary can be made of nickel for temperatures above 350° (.,
whilst nickel-chrome, copper, aluminium or its alloys can be used for
other suitable temperatures.

Naturally the closeness of control will not be so accurate as with
some other forms of regulators, but the absence of auxiliary mechanism
15 a great advantage. The closeness of control will be governed to
some extent by the efficiency of thermal insulation, and the size of
the furnace.

References to Chapter XV.

(1) PErrry AND Sonmer, Reo, de Mél,, 1931, No. 8, 448,
{2) Jacksox anp Russiry, Tustruments, 1938, 11, OEe0) O EEE0)
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CHAPTER XVI1
LOW-TEMPERATURE CONTROL.
Cryosilals.

Tur apparatus used to maintain constant tomperatures below 07 (. are
termed * eryostats,” and can be divided into five general classes,
some of which are automatic in action. They are as follows —

(1) Those employing boiling liquids. This type was largely
developed by Onnes at Leiden. Clontrol to =- 0-01° for periods of
an hour or go ecan be effected by regulation of the pressure on a
liquefied gas. Any of the following gases are suitable :—methyl
chlovide, nitrous oxide, ethylene, methane, oxygen, nitrogen, hydrogen
and helinunm.  This method is somewhat expensive,

(2) Those involving addition of liguid air to the eryostat bath
by hand.

(3) Those in which the flow of heat into a large metal block ix
regulated, the lower end of the block being intermittently dipped
into liquid air.  This method i satisfactory if eare iz taken to place
the thermometer and experimental apparatus at identical heat-
oridients.

(4) Those in which the flow of heat into the eryostat is regulated
by means of a partially-evacuated Dewar Hask, which is inside a larger
suwrrounding Dewar Hask containing liguid air.  This type of ervostat
may be made autommatic.

(3) The automatic eryostat proper.

In this chapter, consideration will be devoted fo the automatic
Lype (_'H'Il}".

Principles of Low-Temperature Control. —Automatic low-
temperature control involves the use of a means of producing low
temperature, a suitable liguid as a bath fluid, and a thermostat. The
thermostats emploved here wre the same in prineiple as those in use
for temperatures above zero, and have been deseribed in earlier
chapters. No detailed description ig therefore necessary, except where
a special feature is involved.  DBrief reference only will be made to
the means of producing low temperatures and the bath liquids used,
as these do not properly come within the scope of thisz hook,
References, however, will be found at the end ol the chapter to =ome
of the more important published works on the subject, "The list IO

not intended to be exhaustive. ﬂ._ﬁﬂ rﬁ'ﬂﬂ
. 7 I | i | |
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LOW-TEMPERATURE CONTROL 129

A simple method of low-temperature control iz to immerse the
objects to be treated in a cooled bath of some liguid whose physical
properties, such as fuidity, boiling-point and freezing-point, are snited
to the working temperature. Regulation can then be effected in
one of two ways : either (1) by controlling the low of the refrigerant,
or (2) by setting the flow of the refrigerant for a slight excess cooling,
and arranging a thermo-regulator of some form to control electrical
heating in order to compensate automatically for this exeess cooling,
The latter method is particularly suitable on account of the ease of
control ol electrical heating.

Baths.—Fuairly complete lists of bath liguids suitable for use
in the low-temperature range are given in the publications of the
Leiden Cryogenic Laboratory, and in the Bureau of Standards paper
5205 but the following liquids may be cited as heing in eommon nuse ——

Temperatnre-range (7 ()

O O T T -
Paraflin ojl .., oy e — 4 o A TE
Petroloum ether L. 40 i —E0 . <40
Acetong e — M, 4 56
Ethyl aleohol e —olld o bR
Toluol 5k - i ,, =110
lsopentane ... o - 160} ,, - 28
Propance 5 e =100, — 45
Propylene .., — e =100, — 48

An objection to the use of brine is its corrosive action on metal
containers. Hthyl aleohol hecomes very viscous before it freezes.
Propane has to be kept at a temperature below —40° ., or stored
nnder pressure.

Cooling.— The expansion through valves and cooling coils of
ammaonia, carbon dioxide or other suitable substances, may be used
to cool the liquid. Solid carbon dioxide may also be used as a cooling
medium. A ecarbon dioxide slush bath, consisting of solid carbon
dioxide with a suitable liquid such as petrol, alcohol or ether, affords
a means of atfaining temperatures down to about —78-5° (!, at
atmospheric pressure.

For temperatures as low as — 180" C., compressed air may be used
as a refrigerant.  Liguid air may be utilized by employing either the
liquid, or superheated or saturated vapour as a bath, or again by
uging the vapour or liquid to provide cooling for a thermostat bath.
The liquid air should be aged, that is, allowed to remain in the
container for about 2 days, ince the freshly-made liquid tends to give
wexpected fuctuations in the temperature of the bath. Due to
progressive concentbration of oxygen in liguid air residues, extreme
care ghould be taken to prevent the mixing of these residues with
any inflammable substance. Electric motors should be so placed

as nol to provide a source of ignition for inflammable \’i'l-]IuLlI‘S;,-:'-Ii_-Z-Jf,O X
, il ¢ s i) :HI
i

g
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liquid air is used for cooling, the bath liguid can previously be well
cooled with a freezing mixture of ice and sall in order to save con-
gumption of the liquid air.

A somewhat unusual method of cooling has been used by Lundstrom
and Whittaker.' Attached to the wall of the bath, which i made
of copper, is a copper rod which is immersed in liquid ammonia or
ice, depending on the temperature required. The bath ig then cooled
by the conduction of heat away by the copper rod. A cooling coil
in the bath iz therefore unnecessary in this case.

Insulation of the Bath.—As the production of cold is generally
a somewhat difficult and expensive process, the insulation of the
bath from undesirable access of heat is especially important.

The tendeney for atmospheric moisture
to condense on the hath and its accessories
must also be guarded againgt by suitable
insulation.

In the choice of insulators, consideration
has to be given to suitability for the temper-
ature, and some materials are very absorbent
of condensed moisture and should therefore
be avoided, Cork, either in the form of
slabs, fine granules or shavings, or hair felt
may be recommended.  Corle-shavings, a
waste product from cigarette-tip manufac-
ture, weigh on the average 3 lbs, per cubie
foot. Cork has a thermal conductivity of
the order of 0-00008 gramme-calorie per
o B square centimetre per second for a temper-
Mg, Td—A control deviee Tor S B

low-temporature work. ature-diflerence of 1% (. per centimetre

thicknesy,

Thermostats for Low-Temperature Work. The usual eleclrical type
of toluene and mercury instrument {described in Chapter IT) or a
bimetallic-strip form (Chapter X ) can be adapted for this type of work.

A simple deviee for observing and controlling low-temperature
haths, in which use is made of the ahsorption properties of charcoal
at low temperatures, is shown in Fig. 74. A tube, partially filled with
granular charcoal and a gas, is connected to a manometer (a simple
U-tube with mercury)., The level of the mercury surface will depend
upon the amount of the gas held by the charcoal, that iz, upon the
temperature of the charcoal. Electrodes are scaled in and eontrol
the heating ecircuit through the medium of relays in the usual way.
The range of greatest sensitivity ig obtained by the selection of a
guitable gas in contact with the charcoal, and ar gon is such a gas.
The pressure of the argon may be about 20 centimetres when the
charcoal i8 at room temperature. The space above the mercury. In
the other limb of the manometer is evacuated. |

mhs
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Forms of Automatic Cryostats.—In the Hearson apparatus for
temperatures between —10° and --20° €., the withdrawal of heat is
brought: about by the evaporation of liquid sulphur dioxide which,
after use, is re-compressed and again rendered liguid by means of
a small refrigerating plant. The maintenance of any particular
temperature depends entirely upon the rate at which evaporation
and re-compression of the gas take place, these rates being dependent
upen the rate at which the compressing motor works. For the
regulation of the speed of the motor a bimetallic thermostat is used.

A cryostat employing pentane cooled by liquid air and capable
of maintaining any temperature between —I80° (L and 0° (. has
been described by Keyes, Townshend and Young.* The pentane is
contained in an unsilvered Dewar vessel, the vacuum space of which
can be exhausted through a side tube. This vessel is immersed in
a larger silvered one containing liquid air. The pentane is cooled
by the heat flowing ncross the vacuum space of the inner vessel to
a greater or less extent as the vacuum is low or high. The pentane is
kept well stirred, and cooling is balanced by supplying heat electrically
from a heating-coil in the pentane. The temperature is maintained
and controlled by means of a twisted bimetallic strip. By adjusting
the pressure in the vacuum space of the inner vessel, and also the
heating current, any particular temperature between — 180° (. and
0% C, ean be obtained. This cryostat is said to be capable of auto-
matically maintaining the temperature constant to about 0-1° (.
Finer regulation of the temperature has been achicved by L.
Jackson * by employing the triode-valve relay method.

A eryostat described by Kgerton and Ubbelonde 1 (see Fig. 75)
keeps the temperature constant to -0-1° (!, down to about —160° €.
and does not consume much liguid air. The prineiple employved is
the same as that of the foregoing apparatus of Keyes, Townshend
and Young, in that regulation is effected by control of the How of
heat between a metal vessel D, filled to a constant height with ligquid
air, and the bath liquid by altering the pressure of gas in the jacket
separating the two. The method of control, however, is different.
The lagged Dewar vessel 4 contains the bath liguid. A blower forces
liquid air from the Dewar flask €' through a siphon into 0, and
thereby cooling the bath liquid in 4. Since there is no danger of the
vessel /) breaking and mixing liquid air with the bath lHguid, it is
quite safe to use petrol freed from water as o bath liquid. The method
of operation is to bring the level of liquid air in the double-walled
copper vessel 1) to the correct height, the dimensions of 1) h aving heen
carefully chosen for proper funectioning by taking into aceount the
amount of heat to be conducted across the heat space and down
the walls. The space between the walls is brought to a low Vacuim,

and the pressure iz made such that with the level of the quuid-___._ﬂirQ

at a certain height the bath reaches equilibrium at a temperiitgré
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132 TIHERMOSTATS

slightly below the desived temperature. The level is maintained by
control of the blower forcing the liquid air over into D, this being
done antomatically as follows, A fine glass tube with splayed-ont
end is connected to a tambour, on the rubber diaphragm of which
rests a lever which makes and breaks the electrical circuit of the
blower. The pressure in the tube and tambour is dependent on the
covering and uncovering of the end of the tube with liquid air.
Provided the rate of stirring is suitably adjusted, the maintenance
of a constant level of liguid air in D iz alone sufficient to keep the

From
Blower

Tig. 76.—Iligerton and Ubbelonde eryostat,

bath temperature within 0-5° €., in spite of the change in composition
of the liquid air with time. It is necessary only to control the pressure
m the air space in D in order to obtain automatically a much finer
adjustment of temperature. For this purpose the air space in D
is connected to a water-pump when the bath temperature is a little
too high, and to a high-vacuum pump when the bath has heen cooled
a little below the desired temperature. The normal connection is
with the low vacuum, but when a gas thermometer in the form of a
thermostat closes a contact, a relay brings the high vacuum into action,
An automatic eryostat that incorporates a number of interesting
features is that deseribed by Sinozaki and Hara * (Fig. 76). Thedath) ==
liguid, congisting of petrolenm ether contained in the Dewar vessell 4 [[]]]
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is cooled by liguid air from the veszel K by means of a cooling coil
of copper piping D. Absorption of heat by the vessel K causes
evaporation of the liquid air and an increase of pressure. This causes
the liquid air either to pass over into the cooling coil or to escape
againsl the water head 4. The valve P is menlled through the
golenoid S, by a thermostat . Thir consiste of a copper vessel filled
with liguid pentane and containing a bundle of thin copper strips
to improve heat conduction, The expansion of the pentane moves

Frig, 70— Sinogaki and Hara antomadic erynetat,

a column of mercury in a U-tube to make and break an electrical
cirenit, congisting of an accumulator in series with the solenoid S.
If the temperature rises. the valve P closes, and when the temperature
fulls, the plunger drops by gravity aml the valve is opened. This
c,l{:e.m-:r and opening of the p[uugm -valve increases and reduces,
I‘E-SI](‘N ively, the pressure in the liquid-air regervoir &, and mnsequeutly
increases or retards the flow of liguid air through the vacuum-jacketed
tube €' into the eryostat bath. The liquid air enters the cooling coil
through a jet £ in the form of drops, and the amount is such that
its Lﬂnlmg effect nearly compensates for, but never exceeds, the heat
flow from outside into the cryostat h.a,th. If the gas pressure in e
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liquid-air reservoir is accidentally increased too much. for example
by a stoppage of the jet ¥, the glass tube leading from the reservoir K
to the bottom of the water tank R serves as a safety-valve. The
temperature of the bath may be maintained eonstant automatically
from +0-02 per cent. to —-0-003 per cent. within the range 0° C.
to —1507 C. for several hours if the apparatus is suitably adjusted.
About 3 litres of liguid air are consumed in order to cool down a
eryostat of 1,400 ce. capacity from zero to —1007 ¢!, and maintain
it at this temperature for nearly 30 hours. Pentane becomes viseid
at a low temperature, and is not snitable as a regulator liguid helow
— 1507 €. If butane be used for this purpose and for the bath liguid,
this cryostal can be used at as low a temperature as —180° C,
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CHAPTER XVII
RELAYS AND VALVES.

TaeErMOSTATS sometimes operate the cut-off switches or valves
directly, but in most cases through the medium of relays. A number
of these regulating devices have been described in connection with
the particular thermostats. In the laboratory the most wvaluable
forms of relay are the thermionic valve and the hot-cathode, grid-
controlled, gas-filled types, to which numerous references have been
made in the text. The drawback of complexity is counterbalanced
by the high sensitivity that can be attained by their use. The
following are cited as further examples of relays. but the list is nof
exhaustive.

Galvanometer Relays. —Calvanometer movements can be adapted
to become sensitive relays for the control of other circuits. The
stability of a galvanometer is greater, and it i3 much more positive
in its aetion than an electronic valve for small voltage changes, as
without any elaboration of the circuit it will operate at exactly the
same value indefinitely. Again, it is nol dependent upon anode
voltage or filament current for its sensitivity. It is obvious that
the size of the contacts which ean be operated by the galvanometer
movement iz very amall, and the current which can be broken must
be minute, as any arcing would seal the contacts together. For this
reason it is often preferable to control the grid potential for a valve
or ‘“thyratron’ by the galvanometer relay, and to use the valve
to control larger currents. The contacts can be made of fine platinum
wire, A wire tongue attached to the moving coil ean be arranged
to make contact with a fixed wire when the coil is deflected. By using
fine wires, sticking of the contacts 13 minimized, as mﬂ? a very small
surface is in contact. By suitably positioning the wires a ruhhmg
action can be produced. The power required to operate a sensitive
galvanometer relay is of the order of L00B to 2,000 upW,

Mercury-in-Glass Switches are now in general use for technical
and industrial purposes. Contact is usually established between
mercury and mercury and not mercury and metal, in order to avoid
arcing with heavy currents and ]11gh voltages, which would cause
melting of the electrode and leakage at the sealing-point. The
leading-in electrodes are contained in pockets in the glass envelope
and are covered with a pool of mereury. To prevent oxidation and
to keep the mercury clean, the tubes are filled with a r'a(lu{*uw ;an:)
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Owing to the small amount of mechanical energy and minimum ot
movement required to operate such switches, which can break fairly
large currents, only a small current is necessary to operate the solenoid.
\Luu forms of switches are available, from the simple form which
makes and breaks a cireuit (see Fig. 68) to that in which it is possible
to make and break two distinet eircuits. This latter type is useful
where it is required to operate a circuit which controls a cooling
medium in addition to the heating eircuit.

A switch of the solenoid type is
illustrated in Fig. 77, in which
the mercury is displaced by the
movement of a core actuated by
the solenoid.

Hot-wire Relays. — A simple
method of operating a mercury
switch in response to impnulses
from the thermo-regulator iz the
hot-wire relay of Griflin  and
Tatlock, Ltd.

The ecssential feature of the
apparatus is a  wire supported
hetween a standard and a tengioning
serew in another standard, On
the passage of a current through
the wire, it becomes heated, the
expansion causing it to sag. This
sagging of the wire iz uzed to effect
the tilting of the mercury switeh
through a link attached to fthe
cradle which supports the switeh.
One method of setting up fthe
eircuit ir to connect the thermostat
(which may be of any electrical
Fia, 77— LA.C. merenry-in-glass switch.  type) in parallel with the wire

element.  When the thermostat
“makes.” the wire element is short-circuited, and the current through
it being therchy reduced, the wire cools and contracts. The effect
of its contraetion is to filt the mercury switch, and thus to break
or make the main circuit. By the parllel method of connection,
the electrical power broken at the thermostat contacts is much less
than when the thermostat is in series with the wire clement.

The Sun-Vie hot-wire relay operates on the same principle, but
the wire is enclosed in & vacuum tube together with the contacts.
which are of the metal type.

An ingenious vacuum switech, manufactured by Siemens and
Halske. consistg of an evacuated glass tube containing two cgntag RS
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springs zcaled in at one end and a flexible corrugated tube sealed in
at the other end. Through the flexible tube projects a rod, a slight
movement of the outside end of which will cause the inside end to
open the contact. The movement of the rod by, for example, the
expansion and contraction of a material can thus be arranged to
make or break an electrical circuit, The rupturing capacity on a
non-induective load, it iz claimed, may be as mueh as 1,500 volts at
10 amperes.

Valve-operating Gear. -As previously mentioned, the switeh may
directly control the current to a furnace, or may operale through =
motor moving & valve controlling the supply of air, steam, water,
oil, ete,

Fie. T8 —Cambridge motorized Fia. Th~Cambridge valve.opernting gear.
valve gear for single supply pipe.

A simple motorized valve gear for a single supply line i illustrated
in Fig. 78.  'Where more than one valve or damper has to be eontrolled,
a mechanism of the form shown in Fig. 79 may be nzed. The clectric
molor is coupled to a speed-reduction gear-box by a eluteh adjusted
to slip when a predetermined resistance iz met, thus preventing
the motor or gears from being damaged should a valve stick,

Valve-operating gear may take the form of a power eylinder
capable of developing from about 360 to 5,500 ft.-lbs. per stroke.
Such cylinders are capable of operating large slides or valves, The
thermostatic regulator controls a pilot valve which determines the
direction of air, water or oil flow to the pPower cylinder.

It is sometimes found that the arrangement of the pipework
supplying the fuel and air to a manually eontrolled furnace is such
that more than one valve-operating gear is necessary if automatic
control is adopted. This entails unnecessary expense, and the efficiency
of control is impaired owing to the difficulty in co-ordinating the )
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settings of the various valves so as to ensure the correct fuelfair
ratios. By re-designing the layout with the controls in line, it is
possible to use one valve-operating gear to control two, three, and
sometimes four valves, obtaining, at the same time, improved results.

Valves.

Control Valves. -T'he selection of a suitable valve for the require-
ments of an installation requires carveful congideration. The material
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Fa:, 80— Apeo ™ solenoid valve.

of the valve body and seats will be governed by the normal and

maximum temperatures and pressures of the controlled medinm.

The wearing or erosive action is closely related to the pressures

employed and the size of the valve. [f, for instance. a single-beat

valve is operating in an almost closed position for normal running,

and the veloeity of the fluid is high, the valve seatings will become

“eut.,” In the case of steam, this causes * wire~drawing.” @& Qk?@_‘
MO =n0n
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It may be found that a cmn]lu"]ﬁveh small valve will give the
requisite control when the plant is running but is unsuitable for rapid
heating when starting up. By using a larger hand-controlled by-pass

valve or a V-ported valve or |IUhhlhl}F an on-ancd-oft valve, this difficulty
may be surmonnted. A large single-beat valve working in an almost
¢losed position will be unreliable, because slight variations of opening
will eause large variations of How.

Solenoid Valves are often used when the controlling deviee operates
electrically. Here a globe- or needle-valve or balaneed plunger is
normally held open (or shut) by means of a spring, Passage of current
through the coil of the solenoid causes the armature to move to the
other extreme of its travel, so that the valve is then fully closed
{or open) (see Fig. 30). The chief advantages of this type are itz low
cost and simplicity. It is not as reliable, however, as the motor-
operated valve, in which a large operating foree is available, which
gives better control and more freedom from sticking,

Motor-operated Valves.—In Lhis type, as previously indieated,
a geared-down electric motor operates the valve through an eccentric,
A single-seated valve is generally used.  To prevent overrunning of
the motor and consequent opening of the valve, rotary snap-switches
break the cireuit at each half-revolution.

Diaphragm Valves. —These valves have a diaphragm top, which
18 operated by an air supply regulated by a valve in the controller.
The valve may be of the balanced or unbalanced type, and designed
for use with air, water, oil or steam., Wherever posgible it should
be of the V-port type, as thiz assists in obtaining smooth control,

Diaphragm valves arve of two types, dlrect-a,ctmg (single-sealed)
(see Fig. 81). and reverse-acting, in which the disc is drawn up against
the seat. The former term usually refers to those valves which close
with inerease in pressure on a diaphragm. 1If the line pressure is not
too great, single globe valves are used, but for preater line pressure,
balanced valves may be needed. The action may be cither throttling
or “open and shut.” 1In a throttling valve (double-seafed V-port)
(Fig. 52) the dise or plunger seeks a position where line- pressure drop
plus spring pressure balances control pressure and permitg continuous
flow of the heating medinum. Open-and-shut valves are either fully
apened or fully Lluwtl at all times. They are usnally preterred where
the temperature-lag in the controlled apparatus is slight or the
apparatus itself has a high heat-storing capacity. On the other
hand. throttling control ig desired where the lag is greater. Tn general,
threct-acting valves are used to control heating medin and reverse-
acting to control cooling media. The umtmﬂmg pressure, however,
may be used to cause a valve to respond either directly or reversely
o o rise m temperature, and hence the choice of valve depewlb Hpon
whether is open or shut upon failure of the control pressure.
H:Llu.ncc-rl_ V:l-'\(-.‘h are not usually intended for pressure-tight sevwiee. ()
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In some cages a valve has two separate diaphragms. When
a cycle controller is used to terminate a heating period, pressure
upon the second diaphragm shuts off the heating medium inde-
pendently of the temperature-control system.

The Drayton Regulator and Instrument Company manufacture
a packless type of valve, operated by heat. A metal bellows takes
the place of a stripping-box. The valve is closed, on civeuit being

P, 81.—Direet-acting single-seatol e, 82.—Double-geated V.port
dinphragm valve, throtiling valve.

established, by the expansion of a metal bellows containing a volatile
ligquid, heated by means of a resistance coil. The operating bellows
and heating elements are enclosed in a casing fixed at the top of the
valve, The valve opens and closes slowly (within about 2% to
4+ minutes), so that hammer action caused by snap-nction valves is
avoided. The valve can be used only in low-pressure systems of
about 5 Iba. per gquare inch. For higher pressures o balanced valve
with stripping-box must he used. =0
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Unsystematic Response of the Valve. —Unsystematic regponse of
flow of the heafing-supply medium to the thermostat action, par-
ticularly detrimental to proportional eontrol, may result from valve
errors such as leakage in the confrol valve or in the by-pass :
inaccurate valve position, from friction or from unbalanced valves
on fluctuating pressures ; and non-proportionality, from the cutting
of the valve seat, a greatly oversize valve operating at low lift, a
non-proportional or globe valve, flashing in the valve ports, or from
limitation of flow by inadequate piping. In the more precise throttling-
control installafions, where valve changes must be accurate and
minute, valve positioners have come into uge to climinate errors of
valve friction and unbalance. In every control installation, the
control valve must be sized to be the “ bottle-neck ”’ of the control-
Huid system.
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CHAPTER XVIII
CLASSIFICATION OF HEAT-EXCHANGERS.

TEMPERATURE-CONTROL i8 fundamentally the regulation of heat-
exchange. There are, of course, many ways of exchanging heat, and
the type of control employed will be gﬂverued to a large extent by
the system used. A general survey of the various forms of heat-
P\olmnnc'l will, therefore, not be out of place.

Heat -cxchrmger design depends on a number of factors, amongst
the more important being the quantities of the media involved,
temperatures, heat requirements, heat-storage capacities, and the
amount of heat-transfer surface and its effectiveness. This efiective-
ness depends on many factors, but most important, perhaps, are the
film coefficients, which are in turn dependent on the media, their
temperatures and velocities.

Haigler! has classified the various forms of heat-exchangers and
represented them diagrammatically. Most of the forms can be
represented by two contiguous leubcmrlg:la% representing supply and
demand sides, the length nf the common wall signifying the amount
of heat-transfer surface, and the thickness indicating the thermal
resistance. The width of each rectangular area signifies the thermal
capacity per unit of heat-transfer surface, so that each arvea indicates
the total thermal capacity on that side.

The sensitive element of a temperature-controller is indicated by
S, while the valve V regulates the supply of heating [luid.

In continuous processes the heat supply and demand are, on the
average, equal. The effect of the thermal capacity on nmmenta,ry
fluctuations is determined by the amounts of stored heat absorbed
or released during a temperature-fluctuation in comparison with the
steady-state heat quantity. Obviously, if the storage heats (products
of thermal capacities by temperaturc-fluctuations) are negligible in
comparison with the steady-state heat guantity, their effect on
control is insignificant. W hen, however, the storage heat is an
appreciable quantity, as is usually the case, the effects of thermal

capacity must be carefully considered. In batch processes the heat
balance approaches the limiting case where all of the heat requirement
is storage heat.

Simple Heat-Exchangers. -Let us now consider some typical
simple liquid-liquid heat-exchangers, cach with the same demand
conditions and same heating surfaco, but with different thesmaly
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capacities and directions of flow. Fig. 83 (a) represents a simple
concentrie-tube (pipe within a pipe) exchanger connected for counfer-
current, or opposed-flow operation, with the small inner pipe on the
supply side and the large annular space on the load side. The
temperature-sensitive element 5 is placed in the outlet of the exchanger.
or in the pipe immediately adjacent thereto. Tn this heat-exchanger
a temperature-change, as a vesult of any upset in the balance of heat
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Fig. 83, —Bomo forms of heat-exchangers,

demand and sapply, reaches § in a minimum time. Conscquently,
with on-and-off control, the heat input pulses arve of short duration
and correspondingly small in amplitude. The small quantity of heat
available from fhe low capacity on the supply side of the heat-
exchanger, as the confrol valve shuts at the end of a eyele, is able
to raise the temperature of the high capacity on the demand side
ouly a slight amount before it declines again under the influence of
new material flowing into the demand side of the heat-exchanser.

Obviounsly, at higher loads the overshoot is reduced and the decline
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in temperature follows more quickly, with corresponding improvement
in aceuracy of control. Conversely, at lower loads the cycles are worse.
Thus we see why a very much underloaded heat-exchanger on open-
and-shut control may eyele badly. while when adequately loaded it
controls very closely.

similarly, with proportional control the heat exchanger shown in
Fig. 83 (a) controls accurately. The heat-exchanger can follow rapid
control changes without hunting, The favourable capacity attenuates
temperature fluctuations, thus tending toward stability., As before,
at light loads the effect of fluctuations is magnified, thus tc*mllrlg
toward instability. For this reason a very much underloaded heat-
exchanger on proportional control may also break into a eyele.

Fig. 83 (b) represents an exchanger E-w,cﬂv gsimilar to that shown
in Fig. 83 () except that the sensitive element is moved some distance
away from the heat-exchanger. The time for a temperature-change
to reach position S' is much greater than that taken to reach §.
With on-and-ofl control, the on-and-off periods are cov respondingly
lengthened and the lmultlug cycle amplitude iz greatly enlarged.
With proportional control, the control-band must be much wider
than before to make the belated valve-corrections less violent and to
allow a wider range for deviations before the limits of proportionality
are reached. Thus, with either type of control a large ** transportation
lag 7 entails poorer control.

It is also interesting to note that poor heat transfer in the heat-
exchanger, or slow response of the thermal system, has an effect
somewhat similar to transportation lag, which may be called * transfer
lag.”  Inszufficient or dirty heat-exchange surface and poor film
coefficients from inadequate velocities result in high resistance to
heat transfer. correspondingly high thermal potentials between the
sides of the exchanger, and ensuing control difficulties.  Similarly,
short and thick or heavy bulbs in air or other poorly conducting
media, and restricted circulation past the element can produce a large
transfer lag to the thermal element and delay its response surprisingly.
This is serious, since the thermal-element response should always
be rapid in comparison with the process it is eontrolling.

Transportation lag and  transfer lag together comprise the

“response lag 7 of the syslem. Response lag, meaning the interval
between initiation of & temperature-change and the initintion of a
corrective response, must be kept small for best control. ‘T'ransfer
lag is reduced by incressed thermal potential ; whence, in cases of
extreme transfer lag, normally unfavourable ecapacity-ratios may
control better, since the thermal potential available for control has
not. been ﬂ»ti.-(...l.’ll.tcl'.-ﬁLL Transportation lag is unaffected by thermal
potential, being reduced only by reduction of the time interval, as
by 1'0nlnmtmn uf the thermal element, by reduction in pr@uﬂhmr
vaolume, o r by increase in {low va*luui.m —oP ®
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Fig. 83 () represents another exchanger similar to that shown in
Fig. 83 (a) but with the load and supply sides interchanged. The
sinall eenfral pipe is now the demand side, while the large jacket
space is the supply side.  The ratio of thermal capacitics of the demand
and supply sides of the exchanger has heen greatly altered. With
on-and-off control, the cycles are very large. The heat available
from the large capacity on the supply side of the exchanger after the
conlrol valve closes causes a temperature overswing in the small
capacity of the lond side many times that which results in the case
represented by Fig. 83 (a). A large capacity on the load side is
favourable, diminishing and smoothing out the variations; on the
supply side it is unfavourable, amplifying the variations. With
proportional control the situation is likewise unfavourable, wide-band
control being required for stability,

Heal-storage effects depend not only on  thermal capacity :
temperature levels are also significant.  When the temperature-
difference is large, the guantity of heat potentially transferable is
targe, and difficulties are accentuated. With on-and-off control,
cycle amplitude is large ; with proportional control, cyeling can be
avoided only by wide-band control with the attendant disadvantages.
A small temperature-difference is conducive to good control @ and
sometimes, when little else is possible, merely reducing tomperature-
difference will improve controllability greatly. In millk pasteurizers,
tor example, the milk is heated not by steam directly, bhut by cireulated
water heafed to a controlled temperature only slightly higher than
the setting of the milk temperature-controller. Large transfer lag is
always to be avoided because it requires large temperature-differences
or thermal potentials which can produce large overswings.

Wig. 83 (d) represents the co-current, or parallel-flow type. Except
for the divection of supply-medium flow, it is similar to the case
represented by Fig. 83 (@), but this single difference is quite significant,
Not only is the transportation lag obviously increased over its value
in the former case, but also the transfer lag is greater. In a co-current
heat-exchanger, the media approach the same outlet temperatures.
A co-current exchanger is a “ temperature leveller,” and the AVErage
temperature-difference is large.  In a counter-enrrent unit, the supply
medium discharges pear the demand-medium inlet temperature, and
the demand medinm discharges near the supply-medium inlet tem-
perature. A counter-current exchanger is a ©* temperature exchanger,”
atel the average temperature-difference is small. Like counter-
current. heat exchange, co-current is also adversely affected by
unfavourable thermal capacity.

Mixed-Current Heat-Exchangers.—Many heat-exchangers  are
neither counter-current nor co-current, but a mixture of the two typos.
Usually, the transportation lag is excessive and the transfer lag greater

than need be, with poor controllability the result. Mixedl-cuteme —> |
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heat-exchangers may be classed with co-current as diflieult to control.
In the bent-tube types they may be even worse than co-current.
because fluctuations in supply or demand may cauge local temperature-
deviations simultancongly in the several passes. Successive responses
of the thermal element to these deviations tend toward further upsets,

The simple heat-exchangers represent most of the common
temperature-control problems. Less numerous, but important in
many processes, are the many variations of the compound heat-
exchanger types.

Compound Heat-Exchangers.—-A typical multiple exchanger is
represented by Tig, 83 (e). Two supply sections operate simultaneously
ard independently on the demand section. Similarly, multiple-
demand sections are possible. In multiple exchangers, the supply
or demand sections, no matter how many, act in multiple and their
effects are additive.

Compound heat-exchangers may also be arranged with several
gections in tandem or serier, ax shown in Fig. 83 (f). Here the
intermediate section or seetions introduee additional thermal capacity
and additional trangportation and transfer lags. Heat must be
tranglferred to, traverse, and be transferred from the intermediate
section or szections. Sluggish response is the normal characteristic
of a series exchanger, and wide-band control is required.  Fractionating
columns are typical tandem heat-exchangers.

Very complex heat-exchanger systems are often encountered,
particularly in processes where the several steps are interconmected
by heat-recovery exchangers. These complex systems can be resolved
into combinations of the simple and compound types previously
discussed.

Favourable Factors for Controllability.— It follows from the above
that the factors favourable to precise control, as reflected in smaller
cycles with on-and-off eontrol and in narrower control-bands with
proportional control, ave :-

(1) Minimum transportation lag ;

(2) Minimum transfer lag ;

(3) Minimum temperature-difference ;

(4) Minimum supply-side thermal capacity ;
(5) Maximum demand-side thermal capacity.

The converses are unfavourable, and are to be avoided in good design
and operation since, with simple control, they result either in large
sycles or in wide control-bands and consequent wandering.

Effect of Various Heai-Exchange Media.—kxamples of liguid-
liquid heat-exchangers have been discussed, but the cases of liquid-
solid, gas-solid, gas-liquid, and gas-gas heat-exchangers must be
considered also. When a solid is substituted for a liquid on one side
of an exchanger system, the thermal-capacity ratio may not be gi'___t__;;_l.tl}o
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changed, as ordinarily the higher specific gravity of the solid is offset
by a lower specific heat.

The problems with a solid are more likely to involve homogeneity
and accurate sensing of temperature than transportation and transfer
lags., When the supply medium is a hot gas, such as air, instead of
a hol liquid, such as water. the temperature-dificrence may be
considerably greater, yet result in a lower thermal capacity on the
supply side with & net favourable effect on controllability. Conversely.
when the substitution of & gaseous medium is on the demand ride,
controllability is unfavourably affected. With a vapour such as
steam, the latent heat offsets in part the effect of the smaller mass.

In a plain-pipe air heater, the heater mass is so large compared
with that of the air being heated that the system is always that
represented by Fig. 83 (¢). Therefore, proportional wide-band
confrol is used. When, in addition, a sluggish thermal element is
used, the results will be extremely bad. The control-band will be
80 wide that resel is imperative. On the other hand, in a finned-tube
heater of equivalent rating the heater mass is much smaller. and the
system may approximate that shown in Fig. 83 (a). Then, provided
that the controller —thermal clement, control mechanism, and valve
—s extremely respongive, on-and-off or narrow-band control can be
used.  When the controller is not sufficiently responsive, the system
15 the less favourable one shown in Fig. 83 (), requiring wide-band
control with its attendant problems. To avoid necdless handicaps,
it ix essential that controller response be more rapid than process
response.  Nowhere is this better illustrated than in air heaters.

Classification of Special Types.—Care should be exercised in
classifying units which at first appear complicated, in that by analysis
they may be placed in a simpler or other eategory. For instance,
in a conveyor-drier or tempering furnace, the circulating air or
products of combustion, vespectively. are controlled in temperature
by regulation of the heating medium supplied to coils, or by the
regulation of combustion. The thermal capacity on the supply side
18 very large compared with the capacity of the circulating medium,
which suggests ** wide-band control.” The resulting temperature of
the load, however, is the significanf operating temperature, the load
usually having a considerable thermal capacity, sometimes exceeding
the thermal capacity of the supply side. This, therefore, is of the
fandem heat-exchanger type similar to that shown in Fig. 83 (f),
and if the ratio of demand-side heat storage to supply-side heat
storage is high, the system can be operated by on-and-off control,
The load temperature is controlled precisely by controlling roughly
an intermediate transfer temperature.

Reference to Chapter XVII.
Hamer, Trans. Amer, Soc, Mech. Kuginecrs, 10938, 60, No. 8, 633-640. o O 5
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APPENDIX
THEORETICAL CONSIDERATIONS OF TEMPERATURE-CONTROL.

As indicated in the preface to this edition, there have been, in recent
years, many attempts to evolve an analytical theory of temperature-
control. None, however, appears to be completely satisfying as vet.
While the theoretical foundations are old and the fundamental
principles can be found in classical texts on the sciences, analytical
methods have not yet penetrated properly into the field of temperature-
control,

Most of the mathematical analyses are based on analogies with
existing principles of Physies or Mechanies. The mogt frequent
method of treatment of the subject iz to consider control Processes
in general and to refer to temperature-control as an individual member
of these processes. Cerman theorists! have attempted to correlate
the theory of speed governors in turbines and steam engines with
process control. whilst British and American writers draw on hydraulic
analogies. The application of hydraulic analogics to heat transfer
by convection is fairly salisfactory, but similar analogies for heat
transfer by the agencies of conduetion and radiation are not so0, and
these latter are best dealt with in a conventional manner,

The aim of the theorists is to ovolve a mathematical equation,
or equations, which will express the effects of a number of changes
in certain factors on the system.

In some cases the method of attacking the problem is to subject
the system to what is termed a * standard disturbance ” by moving
a valve or other unit by a definite amount, deducing the effects of
such a change on the system, and expressing the results in the form
of an equation.

It will be readily appreciated that if reactions took place
instantaneously, the element of time would not need to be considered,
and the relation between the position of the regulating valve and the
temperature in heat-control would be a simple and direct one. The
temperature would move from one position of equilibrinin to another
without oscillation.  Unfortunately, this ideal condition is not
attained, although approximations are possible. The heat capacity
of the system enfers into the problem, involving time-relations.
Reacting causes and eflects have to be considered, and attempts are,
therefore, made to express all these causes and effects mathomationlly
by differential equations of varying order. In general, the differential
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equalion is raized about one degree for each such eause and effoct.
The justifiable assumption is made that the factors involved have
a linear relationship, in order that the differential equation shall be
linear and more readily solved. It may be interposed here that the
most usual equation iy of the type which deseribes vibrating systems ;
but such an equation is, obviously, of no value until reduced to a
specific form and its coeflicients evalunated. The effectiveness of
control can then be specified in terms of time-constants, One such
general equation is as follows ——

L d" e L Bl d® @ dp "
(_.«r s ey . : 5 f’,f, — L = Pl =1):2
ir d’im + 1l | dfa =5 o dnﬂ i '( 1 dJE —I— [ ) ) 3

this can be reduced to a simple second-order form in the case of
temperature-control, as follows - —

e de .
0y IFTE + ¢ dr L =0,

where ¢ is the fractional deviation of the temperature from its
(r—-7T)

i 1 :

Further reference will be made later to this aspect of the subject.
[t will be convenient to adhere for the moment Lo processes in general,
as has previously been indicated is the enstom in dealing with the
mathematical aspect of processes of which temperature is one.

Referring again to the capacity of a system, it may be said in
general terms that whenever the absorption of energy oceurs, there
must he a resistance to the flow of energy from this part of the process ;
otherwise the storage of energy would be impossible, regardless of
the amount supplied. Thos with each capacity there is always
associated at least one * resistance.” Process lags oceur as a result
of combinations of these capacitios and resistances. Three types or
classes of process Iags have been recognized,® as follows -

standard wvalue

(1) Capacity Lag—a retardation {not a delay) of the sondition
of & given process variable, vesulting from the ability of the
immediate part of the process to absorb and store up encrgy.

(2) Transfer Lag— a retardation (not a delay) of the condition
of a given proeess variable, lollowing an ingtantaneous change
in zome velated variable, itself resulting from resistance offered
to the flow of energy between two or more reasonably isolated
capacitics of the process.

(3) Distance-velocity Lag —a direct delay or postponement of the
beginning of a change in a given process vaviable, following
an instantancous change in a related variable at some other
point in the process, itsell vesulting from any L:ll;‘t.r'awt-t'éﬁﬁi?;ilr_o
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of the mechanical embodiment of the proeess which requires
time to conduct the effect of the change to a part of the process
whence it may affect the given variable.

A process possessing * Transfer Lag ” must consist of at least
two capacities. *° Distance-velocity Lag ™ is the only type of lag
expressible in time units. *Capacity Lag™ and * Transfer Lag™
come under the heading of funetional time-lags. * Distance-velocity
Lag™ may be termed finite time-lag.

Most German authorities on regulation uge dimensionless gquantities.
(‘hanges which take place are represented by their ratios as compared
with some fixed value, ecither the average or the maximum, rather
than their actual values. The final equations are then expressed in
terms of ratios (dimensionless quantities) and time. By this means

EEESS T Lo — o s

¢

Free. 84 —Hydranlic analogy of a “ single-capacity ™ proeess,

the form and use of the mathematical relationships iz simplified.
The results, however, can readily be converted to absolute gquantities
when requirec.

Hydraulic Analogy.—As previously stated, British and American
writers nse a diagrammatic representation of a process, based on
hydraulic principles.  Fig, 84 illustrates a simple diagram of thig
form and refers to a zo-called * single-capacity process.” By inter-
pretation and extension, this type of diagram can be made to represent
various forms of temperature-regulation problems, bearing in mind
the lmitations previously expressed.

The process is considered to be a series of capacities separated
from one another by resistances, so that flow from one capacity to
the other 12 accompanied by a decreased energyv level, represented
by a difference in liguid levels  (FMig. 34). The flow through the
resistances may be made proportional to the difference in levels
(" differential head '), since the How of heat is inversely pmpt}rt-igml_oﬂ E80
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to the resistances in its path. The area of the tank represents the
capacity of the system or B.Th.U.’s per degree. This can be considered
as the product of the specific heat of the material being heated times
ite mags, provided that the range of temperature is such that the
specific heat remains constant.

If the supply valve is moved suddenly at time { = ¢, by an amount
Jd, the increased input flow would, according to the German system

of dimensionless guantities, be 0’ where € is the flow rate at

equilibrium valve position. A change in level A, results, represented

AR > s ;
by a change T where A, is the differential across the supply

valve, and h, = the differential across the discharge valve. The rate
of change of level, or ¢!, is directly proportional to the inereased
input flow or disturbance ¢, and if ¢ remains constant ¢! also remains
@ constant. The ratio of ¢' to the corresponding value of ¢, is a
characteristic of the system of regulation and has been called by
Neumann?® the ** sensitivity of the regulating space.” The reciprocal
T

of this ratio, or 34

has been called dnlawufzeit by German writers, a

term which has been variously translated as “ application lag,”
 process-time,” ** starting-time 7 and * reaction-time.”

The process just considered has been referred to as a single-
capacity 7 process ; as previously indicated, multiple-capacity pro-
cesses are possible.  The latter may be subdivided into the following
CrOUps — -

(@) Capacities and resistances in series,
(b} Capacities and resistances in parallel, and
(¢) Series-parallel combinations.

Many multiple-capacity systems can, however, he approximated
by a single-capacity system with suflicient exactness,

Mathematical Theories of Temperature-Control. Some of the
principal features of specific mathematical theories advanced by
various authors may now be considered. For a full deseription of
these theories the reader is referred to the original papers on the
subject, to which references are given at the end of this chapter,

Callender? and his colluborators discuss the question of time-lag
in its relation to control systems in general, They consider that
variation in the departure of the temperatuwre from the normal or
standard value may be due to three canses :—first, through uncon-
trolled disturbances, such as Huctuations in the ambient temperature,
vr variations of voltage on the mains from which the current for
the heating coils is taken : secondly, through the operation of the
control gear ; and thirdly, apart from changes due to these camses, ()
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a departure of the furnace space temperature from the normal maj
in itself give rise to a variation of the temperature.

A general expression is given connecting these variations s
follows 1 |

d (1) : .
g =D+ C)—mow . : A &

where 0 (1) is the departure at time ¢ of the temperature from the
set value ; D (8) is the effect of uncontrolled disturbances and is
regarded as a given function of ¢: €' (¢) is the effect at time £ of the
operation of the control ; and — m 6 is the inherent efieet of vaviation
of 0 (1) from its zero value. Thus 0 (1) is the disturbing function and
C' (1) the controlling Tunction. The uncontrolled disturbances do not
affect the control directly, but through variations of 0, to which they
give rise.  For a system with time-lag, the funetion €' (1) then depends
on the behaviour of §# not at time £, but at a time { — 7. where 7
is the time-lag, which is assumed to he constant,

The eflect of the control at time ¢ 4 7' is determined by the
behaviour of 6 (1) at time &. The dependence of €' (1 - T) on 6 (1)
expresses the behaviour of the control, which may be put into the
following form. termed the * law of control ' —.

—C{+T)=n,0() + n, 0 (1) + ns 0 (1) . . (2)

where the dots denote differentiation with respect to time, and 2,
#y, and m, are constants. For satisfactory control these constants
must lie within certain limits of value. By using different values of
these constants. the behaviour of the control from the point of view
of sluggishness and damping, ete., can be determined.

In their analysis, Callender and his collaborators assume the
time-lag to be unity and write—

=,

and Ml =u T8 =w, T =y, Ng= 1y}

iy, vy and gy being ealled the * control-constants ™ of the systen.

TD (1) is taken as equal to ¢ (7), ”
and 7C (t) 5 . o ¢ (r),
¥ (r) is referred to as the disturbing function. For § is written

0 (7), regarded as a function of = rather than of 1.
From this, equations (1) and (2) become—-

{1
: df‘) =¢m) el —pulle) « . . {8
de (v 4+ 1) d 6 (1) 40 (v
i dt = 1 0(r) + vy T i drt } . ﬁpi-“ O &0

e I [ 1)
I 1L
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Three methods of investigation were used to study the equations,
as follows : —

(i) The determination of the * normal modes 7 of the equations.
The behaviour of § (r) where ¢ = {/T', the time-lag T' being

a unit of time, is exponential or damped- halmouu-. and the
frequencies of the modes and damping constants are found.

(i1} The use of Heaviside operators. The equations (3) and (4)
can be expressed in such a manner as to form a pairv of linear
difference—differential equations with constant coefficients.
These are then treated by the Heaviside operational method.

(11i) Numerical investigation of particular cases by arithmetical
or graphical methods, or by the use of a differential analyser.

To deduce the true ranges of suitable “ control-constants ™ a
genuine time-lag iz assumed, instead of & mere sluggishness of starting,
analogous to inertia. |

The physical significance of the * law of control ™ can be illustrated
by considering the contral of temperature by steam-heating, the steam
supply hmng controlled Ly a valve. The %Ettltlg of the valve
dﬁ'iellmms the controlling function, and from the * law of control
with n; == 0. if follows that not the valy e-selting itself, but its time
rate of c*h&ma‘v depends on the value of the fmnpemhne and its
derivalives, so that the wvalve-setting depends not only on the
behaviour of the temperature at any particular instant, but on the
time-integral of the temperature, and g0 on its previous history.

Diagrammatical representation of this method of control is shown
in Fig., 85. The valve § governs the supply of steam 1o a vessel

" whose temperature-deviation ## from the correct value iz indicated
by the position of the arm 4. The value of # iz to be kept as small
as possible, The value S (#) {I.L,[}l’_'r]‘ldh on the setting of the valve S
at time {, and the equation expressing the ™ law of control © becomes

— B =, 0(t) - ma 0 (1) + ns 6 () . . (5)

The valve § should be moved automatically so that S {t) satisfies
this equation. In Fig. 85 let 2 be the height of the lower end U of
a rod hrmgmg from the arm 4 above its position when 0 = 0, and
suppose @ is proportional to ¢, Let y be the height of a eylindrical
vessel W, above some arbitrary level, this hmght being made pro-
portional to the value of — N {1) lw means of a connection to the
valve N through a cam as shown. A similar vessel W, is placed so
that the contact U ean fouch the surface of the liquid in W,. The
liguid in ¥, passes Ulr(mgh a siphon pipe. from an intermediate point
@ of which a branch pipe iz led to a dish D), of large cross-zection
compared with those of W, and W, =0 that changes of level of the
liquid in D ean be neglected, This level is d-f]]llﬁi(‘{l to be Lhal .D -
U7 when i = 0. nna<=nnn
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If the mechanism M, actuated by the contact at U, causes S
(and so W,) to be moved in such a way that the liquid surface in W,
is kept just in contact with €/, then if the cross-sections of W, and
W, are €] and C,, and the resistances of the pipes from @ to D, W,
.md W, are R, r, and r, respectively, then it follows from the equa,tmns
of mot,mn and cmltmmty of the liquid that

. l . L ¥ 1 :

o= ‘6“}? x + { (B + r,) O + (B + 1) C‘E}“:

+ { R(r, + ry) + 1 7'2}(31 U, .;:l y & 10

(] Q
R =
= }raﬁl:__-ﬁ i
.—:__.-""4 z
f = [
“NFR
u 1__/
D Fv?T "
| [ X% -5 i
U T N | g O | . € =,
W, MG

/m; sl |

It 85, Dingrammatical representation of the control law.

This equation satisfies the * law of control,” being of the same
form, since = and y are respectively proportional to 0 (2) and — § (f).

Thus, if contact of the surface of the liguid in W, with U is main-
tained as 0 varies, a law of control of the desired fm m is obtained.
This means that the controlling mechanism only acts at any instant
in proportion to the amount of deviation from the set temperature.

The curves relating deviation with time will, after a thermal
disturbance of the system, show a gradual return to the normal
temperature without continued oscillation.

This form of the © control law  may be extended a stage farther.®
An auxiliary variable z (f). related to 6 (f) by the equation

2 (1) 4+ B,z () — B.O(1) = B, 01 . S
can be introduced into the eguation. 260) O, c@o
MNT <N
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The law is then expressed in the form |
— (T =z (t) gz () & nyz2(l) . . (8)

This law reduces to the former control law (2) if S =1 or B+,
B, remaining finite ; but in the case nnder consideration B = 1,

To apply this law in practice. the principle of the control can
be illustrated diagrammatically as hefore. In Fig, 86 the displacement
@ (t) of the indicating arm A indicates the deviation from the set
temperature, and so is proportional to 0 (). The control law (6)
will be attained if the same mechanical means of obtaining the
relation (2) is used, but the displacement a (2) is now made proportional
not to 0 (f) but to z (1), velated to & (£) as explained above,

Fig. 86 shows the principle of an clectrical means of attaining
conformity to the law,

Fia, 86.—Eleotrical representation of the eontrol law.

Here {7 is a movable group of contacts and A iz the indicating
arm of the thermometer. These two components are the same as
in Fig. 85. In Fig. 85, however, [/ was suspended directly from A,
so that the displacement & of I/ was directly proportional to the
temperature-deviation . This direct mechanical connection is replaced
by a conneetion through the electrieal cirenit shown, A moving a
contact over a potentiometer and &7 heing suspended from the
indicating arm of a voltmeter 7 which measures the potential at the
point P of the cireuit (in practice a thermionic voltmeter is usually
employed). :

If K0 is the potential tapped off on the potentiometer, ¥, the
potential at £, and 4 the eorrent in the direction indicated in the

iagram, we have
! I o . z L 1 &
(-‘-— T )/?rﬁ--r ris = K @, anm STl

C ":1 4Ir"-l

ULTIMHEAT ©
161 UNIVERSITY MUSEUM




156 THERMOSTATS

1 ., :
and (f?,,)/ il f gt =V,

whenece, eliminating .

d VH ' | 1 | ('lﬂ I
T (r';.) (i-";; a7 ) Fa = "‘[ i "‘“(rﬂ f.{,) ”:I S

so that the voltmeter deflection 2, which is proportional to V., satisfies
a relation of the form (8). The values of B, and B, in (’} can be
adjusted by choice of scales and of », ), .

The remainder of the control apparatus, na\m(_'.lj,'1 that portion of
it which gives the relation (2) between z and the controlling funetion €',
is the same as that of Fig. 85, with the simplification that the vessel W,
could be moved directly from S, and W, omitted, A m-:%c:lmmcal.
hydraulic, or electrical method can be used to obtain the relation (2},
independently of the type of method used to obtain the relation (7).

Turner,® in order to determine the mathematical relationship
between the sensitive element and the heating element, designed a
special form of experimental oven. [t consists of a metal eylinder
of length I, and cross-sectional area 4. The * slave 7 coil, as he
terms it, or heating element, and the *° master coil 7’ or sensitive
element encirele this cylinder ; the slave coil at the bottom heing
separated from the master coil by a distance 7 up the eylinder, The
heating power P, in the slave coil is controlled by the temperature
of the master coil.  The rate of change of power mmput with tem-
perature, or control sensitivity, is a known variable, When the control
sensitivity is made large, thermal oscillation takes place, due to the
slave and master coils mutu ly aﬁoc.tmg each other thermally.
Analysis shows that if I = 1, or << 0:551,, thermal oscillation arises

1 d P,
4 do’
i5 increased bevond a critical value S, where § = 17-6 K I, or 35K/,
respectively.  Tn both cases the period of oscillation is

when the control sensitivity per unit area of cross-section,

0-57 Poec

"

where K is the thermal conductivity of the material of the cylinder,
p its density, and ¢ its specific heat.,
As indicated above, Turner analyses the condition where N i3

. 1. &P i ,
just equal to — A 0’,_ and does not consider the cage where N is

much less than that value. In the latter case it is anticipated that
the curves relating the thermal changes with time would be differens
in character from, and sharper than. those obtained when § is egﬁi,nlo e
to the value. M '_"|"ﬂ
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Turner does not devote much attention to the amplitude of
wsetllation, but considers mainly the frequeney of oscillation. From
experiments with his special oven he coneludes that large oscillation
Irequency and small oscillation amplitude go together,

Where the master and slave coils are intermingled regularly. as
i certain forms of thermostat furnaces, conditions defined by the
equation 8 = 35 K/l (which applies in this case) produce the greatest
control sensitivity. Twner states that to effect this and avoeid
self-oscillation altogether, or, if oscillation eannot be avoided, to make
7" as small ag possible, the master and slave eoils should be in close
juxtaposition and should be wound in good thermal contact with a
chamber of high conductivity. Kfp e. which is the diffusivity of the
material, should be as large as possible.

The effect of the thickness of the wall of the chamber on penctration
by the hunting oscillation is expressed by the ratio between the
amplitudes at the two surfaces of the wall, which ratio is

I f el
—_—— 1 —
2 2o

where /o iz the wall thickness, o/2x is the hunting frequency, and
o = Kjpe the diffusivity of the material,

A thick wall is therefore desirable for two reasons: to reduce
© hunting,” and to reduce temperature-gradients along the walls.

Turner considers that hunting is necessavily present if the heat
supply is controlled in discrete guantities, and is also present when
a eontinuous relation exists between temperature and heat supply,
provided the control sensitivity exceeds a certain critical valne.
That iz, stability of control is not necessavily improved merely by
ereasing the sensitivity of the temperature-sensitive deviee. (The
nafural limit to the sensitivity of all measuring processes has bheen
analysed by Barnes and Silverman.?)

It may be said here in brief that the necessary qualities of auto-
matic temperature arve stability, reliability, and sensitiveness, in the
order named. A sensitive control which himts is of no use, whilst
a sensitive and stable control which is not reliable is also of little
value,

Turner assesses the specific effectiveness of the thermostat by a
fignre ol merit, represented by the ratio between the change in
temperature of the furnace enclosure if there were no thermostatic
control, and the change of temperature which does oceur with thermo-
static control. He assumes that two factors, only, affect the constaney
of temperature, viz. change of ambient temperature, and electrical
power-supply variation. Assuming steady conditions, the figure of
merit

Ny+ N, _ N,

R e '

Nl. = 'NI O

Anno A AR

i MR
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where N, is a constant related to the power emitled from the furnace
(by econduction, convection, and radiation), N, (f — @) is the value
of this power when 0 is the furnace temperature and ¢ the ambient
temperature, and

\ 6 P,

T
where P, is the heating power in the slave coil (i.e. controlled by the
master coil),

It is deduced that the higher the temperature of the furnace the
easier it is to obtain a large figure of merit ; and further, that the
attainment of a large figure of merit is not tlbpmﬂent on the provision
of good thermal insulation between the furnace and its smrroundings.
The advantage accruing from insulating the furnace appears to lie
in the reduction of power required to maintain the desired furnace
temperature.

[vanoff 8 obtains numerically the fl‘&t‘[ll(:ll(‘i(‘ﬂ dampings Jnd
amplitudes, ete. of particular cases and deduces a “ law of response ’
to the L[)l‘l.t[‘(}l].lllg mechanism. A regularly-repeated disturbance is
introduced in order to give a basic periodicity to thh Fourier’s
analysis is applied. h anoff introduces the term ** potential tem-
perature,” defined as “ the limiting value of the temperature-change
which the phnt [meaning temperature- -controlled system] tends to
attain for a given alteration in the position of the controls 7 ; the
“ controls 7 being fuel valves, dampers, ete,

He discusses the oscillations of temperature—potential as well as
actual or recorded temperatures- —which are produced when the
sensitivity of the controller is increased to a point where o periodie
oscillation of sinmsoidal form oceurs. Kguations are derived to express
the conditions for stability for ** on-and-off,” propaortional, and floating
methods of control,

Ivanofl likens time-lag to the action which oeceurs when heat
flows into a semi-infinite solid. If the temperature of a control
mechanism at the surface of the solid is made to very periodically
so that

fl — A sin mt,

where A is the amplitude and sin mi the controlling disturbance, in
which
2w
Y e e ————
period of oscillation

then the recorded temperature is
A e=rVE gin (mé — Vem),

where ¢ iz the base of natural logarithms and € a time indic&tis.kgj:lmo
amount of lag that is characteristic of the system. Tl Sliln

1
| 1
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HFurther references®'® to discussions on the subject of the theo-

retical foundations of temperature-control are listed below,
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Self-operated controllers, 53-50.
Self-oscillntion, 157.
Sensitive element, position of, in relation to
heating element, 1, 3, 44,
Single-capacity process, analogy of, 150,
Sinozaki and Hara eryostat, 132-134.
Siphon systems for water-bath, 37,
Slave enil, 106,
Sligh analysis of working of contacts, 19-20,
Slow-cooling and heating, Houughton-Hanson |
thermostat, 10,
- —. indicator r{_-._gu'ln-l-nra, 112.
- —, resisbance frneees, 95, 112,
L Blolt, reculator 46-49,
—, aulre n]wm‘r: d controllers, $8-70,
Hpsu'lun;., M contacts, 7, 22-20.
Stabilization of (‘*rmtluﬂr"lb. H2, Bo-66.
Standard disturbanee, 148,
Steam-operated controllers, 53-58.
Stirring of bath liguid, 31-32.
Stockdale regulator, 113-115.
Stott regulator, 46.449,
Summner cirenit, 23-24,
Switeh, mevcury-in-glass,
L35- 1306,

110, 111, 119,

Temperature-geawdients, 1,

— leveller, 145.

— ougcillation, 2, 157,

Theoretical  foundations
control, [45-154,

Thermacouple regulators, 106-123.

Throtfling control, 50, 139,

Time constants, 140,

— lag, see Lag.

—— -temperature  control,

05, 112,

Timoshenko, 82

Toluene, rn-eping, ol, 14,

—_ rq._,nl'l-tur, N, 13-18,

——, adnm’rment of, 15,

o clectrical type, 16,

— ——, gas type, 15,

Townsghend, Koyes and Young, 131.

Transfer lag, 144, 145, 146,

Transportation lag, 144, 145, 144,

of  tem pernture-

10, 46-49,

B3-T0,

INDEX

Triode-valve velay, 24, 92,

Turner, 91, 156,

Two heating media, control of, G0-61,

Two-posifion conteol, H0.

Tyeos regulator, 59,

— -, slow-heating and cooling system in,
G8-70.

97, 102, 131, 135.

U-tube degign, .
Unsystematic response of controller, 70.
— — of valve, 141,

Valve, balancod, 139,

L —, control, 138-1:40).

—, :lmphru.gm A6, 130,

—, direct-acting, 1'19

—, Drayton, 140,

—, maotor-operated, 139,
— operabing gear, 137-138,
—, pilot, 54-55.

—, reverse-aoting, 139,

—-, golencid, 133, 139,

—, throtiling, 139.
"m,pmu -pressoce regulator, 41-434.
Variable vane, G1-G8.
Vernon I.lwl"ll'lxmiﬂl, 206-28,
Vibrating systems, 140,

Voltage regulator, 46-49,

Walsh and Milas, 102,

| Water-bath, 37-40,

Westinghouse rectilier, 7, 22, 104}, 102,
Weston reloy. LML

White, 20-21.

White and Adams, 60,

Wilde, 37.

Winton contact, 24.25

Young, Keyes and Townshend, 131.

Zabel and Hancox, 105,

P
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MERCURY SWITCHES

NOW THERE
IS NO LONGER
ANY DOUBT
REGARDING
THE

RELIABILITY

OF MERCURY
CONTACTORS

THEIR CONVENIENCE

REMARKABLY LONG LIFE

SMALL ENERGY
REQUIRED

AND ABOVE ALL

SAFETY UNDER ALL
ATMOSPHERIC CONDITIONS

ARE TO-DAY FULLY
PROVED AND

APPRECIATED

OUR SPECIALISED
EXPERIENCE IS AT
YOUR SERVICE

BRITISH MADE (Except Hg)
PROMPT DELIVERY

PLACE YOUR ENQUIRIES BEFORE

1.LA.C. ..

A.LD. Approved 88 CHASE ROAD,
On Essential Works List, NORTH ACTON, N.W. IO
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There are few industries to-day in which indication and control
of temperature do not play an important part.

The British Rototherm Co., Ltd., specialises in the manufacture
of bi-metallic, rigid stem, dial type thermometers for all purposes
where temperatures between minus 60° F, and 1,000° F. are required.
They can be supplied for Co-Axial, Vertical or Flange type mounting
and can be fitted with adjustable electrical contacts te operate
through relays where temperature control is required.

An interesting instrument is the British Rototherm Co.’s
Rotostat (see diagram below) which, while not giving visual indica-
tion of temperature, has been designed to
provide a useful adjustable thermostat for

giving warning when dangerous rises in
temperature occur. This warning may be
given by the operation of lights or bells
when the preadjusted setting point on the
Rotostat is reached.

Rubber Pratectlon Sleeve,
Protoction Cap.

Contace Block,

Pivor Ceontact Pin,
Setting Plate.

Dial.

Secting Screw.

System Shafr.

Rototherm Bi-metallic Element.
10 Knurled Ring.

11  Fixed Terminal Screw.

11 Fixed Contact.

13 Body af Rotastat,

14 Moving Contact

15 Inner Stam,

14 Element Holder,

17 Cuter Stem,

G0 N~ I LN oA L A -
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The Britizsh fetotherm Ca.
aigse maomnfactare Distonce
Reading Thermometers  of
the Vatowr Prossure and
Mercury types.  (f part are
interested  in tempesgoure
indication end contral, yaur
cnquiries gre invited,

TEMPERATURE GAUGES

The British Rototherm Co., Ltd, London and Provinces.

k Showrooms : Je, Lower Belgrave Street, Victoria, S.W. |.  ‘Phone: Sloanes 2909. : J O
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